Processing of line-and luminance-defined triangles was investigated by studying visual potentials (VEPs) evoked by triangles. Twenty-six subjects were randomly presented with line, grey, and illusory triangles. Relative to VEPs elicited by grey and illusory triangles, VEPs to line triangles included P220s that were smaller at frontal sites but larger at occipital sites, and N260s that were smaller over both temporal and occipital sites. It is proposed that, in contrast to triangle defined by a line, illusory and luminancedefined triangles include information involved in the processing of surface.
Introduction
The information processing triggered by the display of objects are usually studied with the presentation of black and white drawings of objects delineated by line contours (e.g. the standardized set of pictures of Snodgrass & Vanderwart (1980) ). In contrast, objects in natural environment have their contours defined by the differences in luminance, in color, or both, between them and their background. Humans are used to these two kinds of contours, or edge-cues, as they generally recognized a figure delineated by a line as easily as a figure delineated by a luminance-defined contour. However, the two types of figures are characterized by a different edge belonging that consequently influences the perception of the global figure. For instance, in a luminance-defined figure, the edges apparently belong to the closed shape which then appears as a surface. On the other hand, the edge (line) of a line-defined figure may be perceived as an independent frame with the consequence that the surface is weak or absent. The influence of the edge-cue on the perception of a surface is well illustrated by the Bozzi figure presented in Fig. 1 , in which a white square overlays a larger black square (Purghe & Coren, 1992) . When the two squares hold the same orientation, the visible part of the black square is seen as a frame whereas the white square is seen as being part of the background (Fig. 1A) . Thus, the edges of the two squares appear as being part of the same object. When the white square is slightly rotated, the edges of the two squares appear dissociated and two overlaid squares are perceived (Fig. 1B) . Similar phenomenon may occur with line-defined figures in that they could be processed as frame rather than as surface because there is no dissociation between the inner and outer edges of the figure. Thickness of the line, correspondence of texture, luminance, and color between the inside and the outside of the figure (see the surface integration theory of Yin, Kellman, & Shipley (2000) ), and the habit to see line-defined pictures also influence the perception of surface.
Another fact of ecological perception may also be important in that objects frequently overlap one another leading to separations of their parts. The binding of these parts into a global contour may differ according to the edge-cue. Luminance-defined shapes have their global contours bound more easily than line-defined shapes given the additional information provided by the correspondence of surface characteristics between the parts that are separated. This ease is more obvious in the perception of complex scenes than in the perception of basic and regular shapes like a square. When separate parts are line-defined, they all appear mostly as independent objects as long as their surface information (luminance, color, texture) are the same than those of the background. Fig. 2 gives a clear example of this phenomenon. In the Fig. 2A , the fragments of the Necker Cube are easy to bind whereas in Fig. 2B , the binding is difficult because of the outlining of the fragments.
Other evidence also suggests different processing of shapes according to their edge-cues. In a single-cell recording study in macaque, cells located in V4 were found to display a strong responseÕs bias toward luminance-defined angles in comparison to equivalent linedefined angles (Pasupathy & Connor, 1999) . This observation is apparently at variance with the studies that described cells whose responses are not affected by the type of edge-cues. Such invariant cells were found in V1 and V2 (Leventhal, Wang, Schmolesky, & Zhou, 1998) , and in higher visual areas (Albright, 1992; Chaudhuri & Albright, 1997; Geesaman & Andersen, 1996; Sary, Vogels, & Orban, 1993; Stoner & Albright, 1992) . However, in these studies, the contours were not defined by a line or a discontinuity of luminance but by motion or difference of texture.
Some studies have explored the visual evoked potentials (VEPs) elicited by geometrical shapes (Ito, Kuwabara, Sugata, Suzuki, & Kawai, 1998; Ito, Sugata, & Kuwabara, 1997; Ito & Sugata, 1995; John, Herrington, & Sutton, 1967) but none focused specifically on the edge-cue defining the contour. The goal of the present study was thus to investigate the mechanisms underlying the perception of line-and luminance-defined figures in humans. It was examined whether the processing of shapes defined by these two edge-cues involved different mechanisms and time course by measuring the VEPs elicited by line-and luminance-defined triangles, and by comparing their amplitudes, latencies, and scalp distribution.
Method

Subjects
Twenty-six subjects (13 male and 13 female), aged between 19 and 29 years (mean: 23.4), participated in the experiment. All were right-handed and had a normal or corrected to normal vision. They reported being free of neurological or psychiatric disorder and having no first degree relative with psychiatric disorders.
Stimuli
Triangles were selected as stimuli following works which suggest that this shape elicits larger VEPs than square (Ito et al., 1998 (Ito et al., , 1997 Ito & Sugata, 1995) , and should thus lead to better signal to noise ratio. The stimuli used in the experiment are presented in the Fig.  3 . Two equilateral triangles, one defined by a line (Fig.  3A ) and one by a grey surface (the luminance-defined triangle) (Fig. 3B) , were presented against a white background. The length of the edges was 7°and 20 min of visual angle. Two manipulations were done to control for the difference of brightness between the two triangles. First, the luminance of the grey triangle varied between four very low tones of grey of 1%, 2%, 3%, and 4% of contrast. Second, a Kanizsa triangle (Fig. 3C) , thus a white triangle delineated by an illusory contour, was added (for a review of the illusory figure characteristics, see Parks, 1984; Petry & Meyer, 1987; Spillmann & Dresp, 1995) . The Kanizsa triangle can be approached like a luminance-defined triangle given that its surface appears whiter than the background. Because it includes pacmen-like forms, the inducers, at each angle, pacmen were also added to the line and the grey triangles. Finally, a fourth stimulus was included in order to permit a discriminative task, and consequently, to maintain the subjectsÕ attention during the whole presentation. This fourth stimulus was a no-triangle figure made of three inducers with their indentations oriented either outward, so that the edges within the indentation were collinear (Fig. 3D ), or randomly so that none of the inducersÕ edges was collinear with the edges of the other inducers (Fig. 3E ).
Procedure
Stimuli were randomly presented one at a time on a computer screen located 60 cm away from the subjectÕs eyes. Screen resolution was of 640 Â 480 with a refresh rate of 85 Hz. The line triangle, the illusory triangle, and the no-triangle figure were presented 60 times each. The edges of the inducers were collinear for 20 of the notriangle figures and not collinear for the remaining 40 no-triangle figures. Grey triangles with contrast of 1%, 2%, 3%, and 4% were presented 30 times each for a total of 120 grey triangles. Each stimulus appeared for 200 ms with a variable intertrial interval of 1800-2200 ms (mean: 2000 ms). Subjects were instructed to press a key of an IBM compatible keyboard whenever the stimulus consisted of a triangle, and to press another key if it did not.
Data recording
The electroencephalogram (EEG) was recorded from 28 scalp electrodes placed according to the modified expanded 10-20 system (Jaspers, 1958) and mounted in an elastic cap. Eye movements and blinks were monitored with bipolar electrodes placed above and below the dominant eye for vertical movements and at the outer canthi of each eye for horizontal movements. Recording was referenced to the right ear lobe and impedances were maintained below 5 kX throughout the experiment. The EEG was amplified by Contact Precision amplifiers with high and low frequency filters half amplitudes cut-off set at 0.01 and 100 Hz, respectively, with a 60 Hz filter. The EEG signal was digitized at a 512 Hz sampling frequency. Response codes and reaction times were also recorded for off-line averaging.
Data processing, measures and analysis
Following the manual rejection of error trials and trials with EEG artefacted by EOG, myogram, or amplifier saturations,VEPs were computed for each stimulus using EEG epochs starting 200 ms before and ending 500 ms after stimulus onset. The first 200 ms served to compute the baseline. VEPs were measured in time windows centered on the peak of the four VEP waves obtained at occipital electrodes and extending up to the mid latency between that of the peak on focus and that of the adjacent peaks. These time windows were 145-200 ms for the N170 peak, 200-245 ms for the P220, 245-290 ms for the N260, and 290-345 ms for the P320.
Electrodes were grouped into three montages: a sagittal one including Fz, Fcz, Cz, and Pz, a para-sagittal montage including, Fp2, Fp1, F4, F3, Fc4, Fc3, C4, C3, Cp4, Cp3, P4, P3, O2, and O1, and a lateral montage including F8, F7, Ft8, Ft7, T4, T3, Ft8, Ft7, T6, and T5. Repeated measures two-ways ANOVAs with triangles (three levels) and electrodes (four levels) as factors were used for the sagittal montage and three-ways ANOVAs with triangles (three levels), electrodes (seven or five levels), and hemispheres (two levels) as factors were used for the para-sagittal and lateral montages. The Geisser and Greenhouse (1959) procedure to compensate the inhomogeneity of variance when a factor has more than two levels was used. The results of these analyses will be reported with the original degree of freedom, the epsilon correction factor and the corrected probability.
Results
Behavioral results
The task was easily performed with a mean of 99.02% of correct responses for the triangles and 96.3% for the no-triangle figures. As expected, given the low probability of the no-triangle figure, subjects were significantly faster (F ð1; 25Þ ¼ 57:021, p < 0:001) at deciding of the presence of a triangle (553.78 ms, SD: 92.60 ms) than at deciding of its absence (676.83 ms, SD: 71.41 ms). The only significant difference between the triangles was a slower reaction time to the illusory triangle (560.35 ms, SD: 91.43) relative to the line triangle (545.26 ms, SD: 101.54) (F ð1; 25Þ ¼ 5:069, p ¼ 0:033).
VEPs to the line-and luminance-defined triangles
The grand averaged VEPs to line, grey, and illusory triangles are presented in Fig. 4 . Seven waves can be differentiated at the occipital, and to a lesser extent, the parietal and occipito-temporal electrodes. A positive and a negative wave peaking around 100 and 170 ms, respectively, preceded a positive wave peaking around 220 ms. The latter was followed by a negative wave at 260 ms and another positive wave at 320 ms. A negative and a positive waves followed the P320, the first at 360 ms and the second at 420 ms. The reason for which no analysis was performed on these waves is that the differences observed in these time windows appear as simple continuations of the larger differences that preceded them. The VEPs recorded over the frontal and central electrodes depicted a different shape. They started with an N110 followed by a very broad P220 (or P200, depending on the recording site).
In the P220 (200-245 ms) time window, the comparison of the VEPs elicited by the three triangles showed that relative to the luminance-defined triangles, the P220 evoked by the line triangle was of greater amplitude at the occipital, parietal and occipito-temporal electrodes, whereas it was of smaller amplitude at all the frontal electrodes. The ANOVAs for the three montages revealed an effect of triangle for the sagittal montage (F ð2; 50Þ ¼ 14:258, p < 0:000, e ¼ 0:974), an interaction of triangles and electrodes for the sagittal (F ð6; 150Þ ¼ 20:725, p < 0:000, e ¼ 0:430), and the lateral montages (F ð8; 200Þ ¼ 56:500, p < 0:000, e ¼ 0:270), and a triple interaction for the para-sagittal montage (F ð12; 300Þ ¼ 3:656, p ¼ 0:009, e ¼ 0:317). Table 1 presents the results from post hoc ANOVAs that were conducted to find the source of the interactions found between electrodes and triangle factors for the sagittal and lateral montages, and the triple interaction between electrodes, hemispheres, and triangles factors in the para-sagittal montage. Comparison of the line and grey triangles and between the line and the illusory triangles showed that the differences of amplitude reached significance on all electrodes except Cp4, Cp3, Pz, P3, T4, and T3. No significant difference was found between the two luminance-defined triangles. A close visual inspection of the VEP showed that the beginning of the P220 effect differ according to its location. The earliest latency, 155 ms, was observed over the temporal electrodes T5 and T6. The P220 effects recorded over the frontal electrodes Fp2 and Fp1 occurred at 164 ms whereas those recorded over the occipital electrodes O2 and O1 occurred at 176 ms. No analysis were carried out on those difference of latencies because of the lack of a priori hypothesis.
In the N260 (245-290 ms) time window, visual inspection revealed less difference at frontal sites than in the preceding time window. Conversely, over occipital, parietal, and occipito-temporal electrodes, differences appeared larger and involved sites where there was no P220 effect. A significant triangle effect was observed for the lateral (F ð2; 50Þ ¼ 6:133, p ¼ 0:011, e ¼ 0:698) and para-sagittal (F ð2; 50Þ ¼ 6:359, p ¼ 0:007, e ¼ 0:781) montages and, like in the P220 time window, a significant interaction was found for the sagittal (F ð6; 150Þ ¼ 19:518, p < 0:000, e ¼ 0:401) and lateral (F ð8; 200Þ ¼ 45:807, p < 0:000, e ¼ 0:279) montages, and a triple interaction for the para-sagittal montage (F ð12; 300Þ ¼ 2:637, p ¼ 0:023, e ¼ 0:446). The post hocs (Table 1) showed that the N260 to the line triangle, relative to the grey triangle, was significantly more positive at Pz, Cp4, Cp3, P4, P3, O2, O1, Tp8-Tp7, and T6-T5, and significantly more negative over C4. These differences were also found between line and illusory triangles in addition to other differences at F8-F7, Fp2, Fp1, Fz, F4, and F3.
Post hocs also revealed significant differences over anterior electrodes (Fz, Fcz, Cz, Fp2, F4, Fc4) between the two luminance-defined triangles.
In the P320 (290-345 ms) time window, a significant effect of triangle was obtained only at the lateral montage (F ð2; 50Þ ¼ 5:739, p ¼ 0:007, e ¼ 0:911) and the same interactions were found as those observed in the two previous time windows that are interactions between triangles and electrodes factors for the sagittal (F ð6; 150Þ ¼ 9:990, p < 0:000, e ¼ 0:415) and the lateral (F ð8; 200Þ ¼ 36:168, p < 0:000, e ¼ 0:267) montages, and triple interaction for the para-sagittal (F ð12; 300Þ ¼ 2:438, p ¼ 0:032, e ¼ 0:462). Post hocs (Table 1) showed that the only difference of VEPs that remained significant between the line and the grey triangles was over P4, T5-T6, O2, and O1. Comparisons between the line and the illusory triangles and between the two luminance-defined triangles showed significant difference on many posterior sites. In the case of the first comparison, these sites were the same as those found between the line and the grey triangle in the N260 time window, whereas those of the second comparison were Cp4, P4, P3, O2, O1, Tp8-Tp7, and T6-T5. Interactions Table 1 Post hocsÕ p-values for singles electrodes in the sagittal and para-sagittal montages (where triple interaction was found), and for pairs of electrodes of both hemispheres in the lateral montage (where interaction between electrodes and triangles was found) The p-value was corrected by using the Greenhouse-Geisser method (Geisser & Greenhouse, 1959) . The probabilities of all post hocs were computed with F ð1; 25Þ.
involving triangles and hemispheres and the ANOVAs for the N170 time window are not presented as they never reached significance.
VEP to difference of brightness
In order to examine a possible effect related to difference of brightness, the VEPs to grey triangles of four different contrasts were compared. No significant difference was found although VEPs starting from 190 ms were slightly more positive as the grey was darker.
Comparison of the grey and illusory triangles served as an additional control for the difference of brightness. As presented above, the post hocs presented in Table 1 showed that the earliest significant differences between these two triangles were marginal and occurred only over some anterior electrodes in the N260 time window.
Discussion
VEPs elicited by line-and luminance-defined triangles (grey and illusory triangles) were measured and compared. Results can be described as follows. At occipital, parietal, and occipito-temporal electrode sites, VEPs to the line triangle were more positive than VEPs to luminance-defined triangles, both in the P220 and N260 time windows. Meanwhile, at anterior sites, VEPs to the line triangles were more negative, but only in the P220 time window. Finally, P320s of greater amplitudes were observed for the line triangle relative to the grey triangle but only at P4, T6-T5, and the two occipital electrodes.
The amplitude and latencies of the P1 and the N1 are known to be very sensitive to spatial frequencies (Ellemberg, Hammarrenger, Lepore, Roy, & Guillemot, 2001; Tobimatsu, Kurita-Tashima, Nakayama-Hiromatsu, & Kato, 1993; Tobimatsu, Tomoda, & Kato, 1995; White, White, & Hintze, 1983) . The fact that the P1 and the N1 evoked by the line-and luminance-defined triangles are superimposed suggests that the cells responsive to the contour of the line-and luminancedefined triangles are the same and that they are edgeinvariant. However, one must be aware that difference of edge-cues may lead to differences in the processing of other aspects of the global figure that can in turn modulate the response of the cells responsible for the contours in a top-down fashion way for instance. The invariance to edge-cue is therefore restricted to the cellsÕ response that occurs before such modulation.
The first effect between the line-and luminance-defined triangles reaches his maximum over the P2, around 220 ms. Change of luminance can still affect the P2 (Les e evre & Remond, 1970; Valberg & Rudvin, 1997) . The possibility that the P220 effects obtained in the present study are due to the slight difference of luminance between the white line-defined triangle and the grey triangles has been tested by using grey triangles of different contrasts and also by using a white illusory triangle. Brightness is apparently not at the origin of the P220 effect because no difference was found over this deflection between the triangles of different contrasts and between the grey and the illusory triangles. Therefore, if the difference of luminance between triangles of different contrast and between white and grey triangles led to changes in the cellsÕ response at an early level of processing, the extent of these changes was too subtle for the VEP technique to be observed in the present data.
Noteworthy, this absence of brightness effect on the P220 is consistent with the results reported by Kourtzi and Kanwisher (2000) . In their functional magnetic resonance imagery study, they showed that the hemodynamic response to greyscale pictures had the same extent of activity and the same distribution as the response to line-drawing objects. Furthermore, in the present study, it can be observed that the P220 effect is largely distributed over the scalp, even over areas, such as the anterior lobe. These areas are unlikely involved into elementary visual processes, which are well recognized to be specific to the low tiers of the occipital cortex. This suggests that the P220 differences obtained between the line and luminance-defined triangles depend on higher visual or cognitive factors.
While P220 effects are widely distributed overall the scalp, the N260 and P320 effects are present only at posterior sites. Two main effects can thus be assumed: that over the P220 that probably involves high cognitive and visual centers and the one over the N260 and P320 involving principally visual center of the posterior regions. This assumption is consistent with the careful visual inspection of the data which showed that the P220 effect begins earlier over temporal areas (155 ms at T5 and T6), followed by the frontal area (164 ms at Fp2 and Fp1) and the occipital area (176 ms at O2 and O1). Although, the present experiment does not allow a clear identification of the processes that are at the origin of the frontal P220, one might propose a difference in the allocation of attentional resources caused by the edgecue.
Greater N260s for luminance-defined triangle relative to line triangle suggest a supplementary processing for the former. This processing could be that of the surface in the luminance-defined triangles since, as demonstrated in the introduction, line triangle may be perceived more as a frame than as a surface. Associating surface processing to a negative deflection that peaks between 150 and 260 ms has already been done in other studies. Electrophysiological correlates of the segregation of textured surface can be obtained by subtracting the VEPs to uniform texture fields of line elements (without segregation, see Fig. 5a ) from the VEPs to checkerboard defined by changes in the orientation of the line elements (with segregation, see Fig. 5b ). More negative VEPs between 150 and 200 ms at the occipital sites have consistently been found throughout many experiments using such checkerboards (Bach & Meigen, 1992 Caputo, Romani, Callieco, Gaspari, & Cosi, 1999; Lamme, Van Dijk, & Spekreijse, 1992; Romani, Caputo, Callieco, Schintone, & Cosi, 1999) . In a recent paper, Caputo and Casco (1999) manipulated the segregation saliency of texture shapes by varying the orientation of the global shape and of their constituting line elements. When the saliency was enhanced, the latency of the negative wave peaking around 200-260 ms at the midline occipital electrode decreased. According to the authors, this negativity indexes the segregation of the global shape whereas the negativity occurring before 200 ms is related to the local orientation contrast between line elements of the texture. The comparison of these latencies with those obtained with luminance-defined shapes must be done with caution considering that luminance and texture edge-cues are known to activate different areas (Srebro & Baitch, 1991; Srebro, Oguz, & Purdy, 1994) . Nevertheless, the latencies observed for texture-defined shapes are also consistent with the latencies reported by Landis, Lehmann, Mita, and Skrandies (1984) and by Jeffreys (1989) who used luminance-defined shapes. In the former study, subjects were presented with figures containing a Mooney face (Fig. 6 ) that was almost undetectable because surrounded by a noisy background of blobs. Two runs were performed, one before and one after subjects were informed about the presence of the face. Among other effects, greater negativities between 224 and 256 ms were reported at the occipital electrodes for the run in which the subjects were aware of the face. The authors attributed this effect to the figure-ground segmentation of the face while they attributed recognition of the face to a later effect. In a similar vein, Jeffreys (1989) , demonstrated that simple figures containing monocular depth cues, which participate in segregation of surface, gave rise to a negativity that peaked around 200 ms relative to figures without such cues.
One may object that 260 ms is relatively late for the activation of fundamental mechanisms such as those involved in surface processing since more complex visual processes, such as the distinction of an animal in the picture of a natural scene can be performed within 150 ms (Thorpe, Fize, & Marlot, 1996) . However, the identification of an object, and consequently the reaction time, can be based on the processing of the whole contour independently from the presence or the absence of a surface (Peterson & Gibson, 1994) . Indeed, some studies have shown that the fast system which extracts the contours can operate in parallel to a slower system that process the surface (Caputo, 1998; Grossberg, Mingolla, & Ross, 1994; Humphreys, Cinel, Wolfe, Olson, & Klempen, 2000; Lamme, Rodriguez-Rodriguez, & Spekreijse, 1999; Rogers-Ramachandran & Ramachandran, 1998; Romani et al., 1999) .
The perception of a figure involves many processes that might be affected by a change of edge-cues. Given the pattern of VEP effects obtained in the present experiment, processes related to surface are the most likely concerned. The results of the experiment thus provide leads to further explore the effects of edge-cue on the surface perception. It may also be said that in order to avoid the activation of irrelevant mechanisms, stimuli of different conditions used in studies focusing on shape perception may preferably be delineated by similar edgecues. This is particularly true for studies investigating the differences between real and illusory shapes. figure  (A) , the pattern is uniform because all the elements have a similar orientation. In figure (B) , modification in the orientation of groups of line segments leads to the segregation of checks. Fig. 6 . Example of a Mooney figure. 
